Local field potential (LFP) recording is a very useful electrophysiological method to study brain processes. However, this method is criticized for recording low frequency activity in a large area of extracellular space potentially contaminated by distal activity. Here, we theoretically and experimentally compare ground-referenced (RR) with differential recordings (DR). We analyze electrical activity in the rat cortex with these two methods. Compared with RR, DR reveals the importance of local phasic oscillatory activities and their coherence between cortical areas. Finally, we show that DR provides a more faithful assessment of functional connectivity caused by an increase in the signal to noise ratio, and of the delay in the propagation of information between two cortical structures. Introduction 1 LFP recording of cortical structures constitutes a powerful tool to detect functional 2 signatures of cognitive processes. However, several studies have suggested that 3 recording methods suffer of major caveats due to the recording of activity in distant 4 neural populations [1-4]. Thus, theta oscillations (6-10Hz) during active wake seem to 5 propagate from the hippocampus to the frontal cortical areas [5]. Despite these 6 important studies, LFP recording has revealed important features of cortical 7 organizations [6, 7]. For example, cortical slow wave oscillations of NREM sleep, which 8 constitute a prominent feature of this vigilance state, contribute moderately to 9 coherence between cortical areas [7]. In contrast, weak slow wave oscillations during 10 active wake contribute to a relatively high level of coherence between cortical 11 areas [6, 7]. LFPs are mainly generated by post-synaptic response to pre-synaptic 12 activity of neurons [8-11] and constitutes a natural integrator of action potentials 13
setting a pair of electrodes in the same cortical region and to measure the difference of 48 potential between them. In this part, we first analyze theoretically differences existing 49 between the two modes of LFP recordings. 50 
What is volume conduction ? 51
Volume conduction in brain tissue is a well known phenomenon widely observed in 52 conventional LFP recordings. Volume conduction refers to the process of current flow 53 in a medium. In the brain, the extracellular space contains multiple ionic species. 54 Even if this biological medium is not really homogeneous, in order to illustrate and 55 simplify our model we consider it as linear, homogeneous and isotropic. Considering a 56 point current source I diffusing charges in a sphere of radius r, as represented in figure 57 (1), the corresponding density of current J in quasi-static approximation of Mawell's 58 equations, is given by:
where u r is the radial vector of the current flow direction. Using Ohm law, J = σ E 60 with σ being the medium conductivity and E the electric field deriving from the 61 PLOS 2/15 potentiel V , ( E = − ∇V ), the Potential V at a distance r is equal to: 62 V (r) = I 4 π σ r . (2) This expression provides the magnitude of the created potential at a distance r from a 63 given current source I. We observe that this potential decreases nonlinearly with the 64 distance r. From this result, we can easily calculate the potential difference between 65 two electrodes P 1 and P 2 separated by a short distance equal to 2ε as represented in 66 figure (2) . The potential in P 1 and P 2 is expressed as follows:
and their difference writes, 68 ∆V = I 4πσr 1 + ε 2 r 2 − 2 ǫ r cos α − 1 + ε 2 r 2 + 2 ǫ r cos α
1.2 Case of a distant source: 69 In the particular case r >> ε (i.e. the distance between an electrode and a source is 
Setting δr = ε cos α, and by neglecting the terms of the second order, the potential 73 difference between the two electrodes writes:
This result shows that adding an electrode in the studied area has the effect of 75 damping the contributions of distant sources by a factor δr. Thus, the smaller the 76 distance between the electrodes, the smaller the potential difference. Similarly, the 77 farther a source, stronger is the damping of its intensity. In other words, differential 78 measurement annihilates the contribution of distal sources. We note that, ∆V dist is 79 maximum for α = 0 and minimum for α = π/2. In other words, the line passing 80 through the two electrodes is the major detection axis. the distance between the two electrodes, the minimal distance to a source is ε, and 85 when r > 3 ε, approximations to calculate the potential difference between the two 86 electrodes is similar to the distal source case. As one can observe in figure (2.b), the 87 minimal average distance r (electrodes-source) is equal to ε, corresponding to a 88 maximal ratio ε/r = 1. The ratio ε/r < 1/3 yields the ratio ε 2 /r 2 < 1/9 negligible and 89 corresponds to the distant source case. Therefore, to consider the local source case, we 90 approximate r to ε (r ∼ ε). Under these conditions, the general expression (3) 91 becomes,
that we note ∆V loc . Like in the distal case, we note that ∆V loc (α = π/2) = 0, while 93 ∆V loc (α = 0) → ∞. In other words, the line passing through the ends of the two 94 electrodes is the major detection axis.
95
From these results, one can calculate a separation source factor Γ, or a Common
96
Mode Rejection Ratio (CMRR), by the ratio:
Where ∆V loc and ∆V dist , respectively correspond to the maximum of ∆V loc and 98 ∆V dist . This factor summarizes that, farther a source, weaker is its contribution.
99
Closer are the two electrodes forming the pair, more visible is the local source. for α = 0, that is when source is aligned with the two electrodes. This result suggests 116 a better signal detection with four electrodes in a square or at least three electrodes in 117 an equilateral triangle.
118
Finally, we can summarize all these results in figure (3.a). Figure ( 3.a) represents 119 the potential measured in P 1 and P 2 versus the distance to the source r in normalized 120 units. We note the strong similarity of the potentials when the source is far and their 121 dissimilarity when the source is close. The inset zoom in figure (3.a) shows the strong 122 potential difference between the two electrodes when the source is close to the pair of 123 electrodes. In summary, we have shown that DR erases the distal source contribution 124 and constitutes a practical way to solve the volume conduction problem. Even if 125 powerful signal processing methods such as, for instance, partial coherence, may 126 remove signal potential contributions caused by distant neuronal activities [30] , an 127 important number of probes would be required to eliminate them as many other 128 cortical areas can potentially generate contaminating signals. Alternatively, in order to avoid volume conduction, it is possible to record the activity of cerebral areas 130 through DR using pairs of electrodes in each investigated brain region. In the next 131 part, we assess experimentally the above theoretical predictions and we show the 132 genuine difference between RR and DR using different tools such as, Fourier analysis, 133 coherence and cross-correlation. 134 2 Experimental Methods and results:
135
In order to verify experimentally our theoretical predictions, we performed LFP 136 recordings in two well known areas of the rat brain, which are the dorsal hippocampus 137 (CA1) and the medial prefrontal cortex (P F C). The details about the preparation are 138 given in annexe A. Figure ( 3) shows the recordings configuration in which a pair of 139 electrodes was inserted in each brain region of interest, and a referential electrode was 140 inserted in the skull just above the cerebellum. A calculation of the difference between 141 the two signals coming from the same cerebral structure allows DR. This experimental 142 setup thus enables to compare the two configurations RR and DR modes in the same 143 animal and at the same time. In order to avoid any potential artefacts from the 144 animal movements during wakefulness, we have choosen to focus our attention and demonstration in section 1. We can also observe that this fundamental result is state 178 independent. In the next section, we analyze the CA1 and P F C interplay during 179 REM and NREM sleep in the two recording modes (DR and RR). 180 2.2 Coherence and cross-correlation analysis between brain 181 areas.
182
It is thought that cognitive processes result from information transfer between cortical 183 and subcortical areas [28] . Thus, functional interplay between neuronal populations of 184 different areas remains a major question in neuroscience. Consequently, measurement 185 methods of functionnal connectivity are crucial to test plausible biological hypotheses. 186 We assess functional connectivity, both using DR and RR mode in the same animal 187 and at the same time to again compare this two modes of recording. We thus 188 calculated the coherence index between CA1 and P F C. This operation consists in 189 assessing the synchrony or phase locking between two signal sources by expression (9) 
While RR and DR power spectra of figure (5) using RR in comparison with DR. The frequency bands in which a peak exists are 201 strongly shifted from one mode (RR) to the other (DR). For instance, during N REM 202 sleep, the frequency peak is located at 1 Hz and 3.5 Hz respectively, for DR and RR. 203 Furthermore, during REM sleep, the biggest peak for recording modes RR and DR 204 are located at 7 Hz and 12 Hz respectively. These experimental results, confirm that 205 DR and RR are two different recording modes with their own physical meaning as we 206 demonstrated theoretically in section (1) . Unlike RR, DR gives access to the intrinsic 207 signal of a given cortical area, and therefore to the genuine activity of the investigated 208 neural network. Coherence is a tool that makes sense to assess the functionnal 209 connectivity between two cortical regions. Consequently, it appears that coherence is 210 strongly dependent of the recording mode. It is also important to note that coherence 211 level is not stationary over time. Indeed, as illustrated in figure (7), we oberve that Hz is bigger than the 10 Hz to 14 Hz in CA1, because of the phasic (ie occasional) 218 nature of this 10 − 14Hz oscillation. In order to show that DR and RR modes do not 219 measure the same things, we have also reported the time-frequency of the same period 220 of CA1 and P F C in RR and DR mode in figure (7) . Even if figure (7.DR) and figure 221 (7.RR) share some similarities, we can observe that P F C recording in DR presents no 222 θ rythm unlike in RR mode (7.P F C RR). We also observe that DR shows a power 223 modulation of the low frequency band (< 5 Hz) in CA1 in contrast to RR mode.
224

PLOS
6/15
Finally, it appears that occasional burst is spectrally more extended in DR than in 225 RR in both areas. For instance, the occasional 10 − 14Hz oscillation is simultaneously 226 observed in CA1 and P F C during REM sleep, but it appears to be bigger with DR 227 (figure 7.P F C DR and 7.CA1 DR). This observation motivates the exploration of the 228 dynamics of the coherence index. Hence, we performed the coherence calculation when 229 a 10 − 14 Hz event emerges in one of the two investigated brain structures. In order 230 to perform this analysis, we developed a detection routine allowing to isolate the 231 10 − 14 Hz events. The averages in the coherence plots are thus carried out on the 232 burst events only. Figure (8) shows the coherence factor between CA1 and P F C ignores the contribution of volume conduction [38] . As shown in figure (8), the two 243 majors peaks in RR mode, the one at very low frequency as well as the one located at 244 7 Hz (8.a) are strongly damped when we calculate the IC (8.b), meaning that there is 245 no significant phase shift between cortical areas. Phase shift is due to a propagating 246 phenomenon, while a zero phase shift is due to a conductive phenomenon. The level of 247 these two peaks is reduced to the basal level of the other frequencies, suggesting that 248 IC is altered by volume conduction, since volume conduction is responsible for the real 249 part of the coherence. Another useful measurement to understand how brain areas 250 communicate, is cross-correlation function. This operation is similar to coherence but 251 it is in the temporal domain. It allows to determine the propagation delay between the 252 two investigated brain structures. Propagation direction is determined by the lag sign 253 and the choice of the referential signal (here P F C). Figure (9) shows an example of 254 the cross-correlation of two individual burst events (in DR) present in CA1 and P F C. 255 The maximum peak of magnitude 0.55 is 35 ms lagged, that corresponds to a delay of 256 the signal observed in P F C in comparison with CA1 [39] . In order to compare the 257 ability to measure a delay according to the measurement mode (RR versus DR), we 258 have performed multiple cross-correlation calculations to construct the lag time 259 probability density function and its corresponding cumulative probability in the two 260 measurement conditions (see fig.9b and c). Figure (9b 
Thus, SN R in RR mode is the ratio of the wanted signal V RRε and the unwanted 282 noise V RRr , that is,
Similarly, in DR mode, the SN R is the ratio of the local wanted signal V DRε and the 284 distal unwanted noise V DRr , and writes:
Finally, in order to compare the two SN R corresponding to the RR and DR mode we 286 define the ratio:
which is greater than one when r > 2 √ 2 ε ∼ 3ε corresponding to the limit between Since SN R is strongly different between the two recording modes RR and DR, we 298 may wonder what could be the impact that SN R has on coherence measure. In order 299 to give an answer to this question, we have performed numerical simulations to 300 construct the relation: Coherence Level versus Noise to Signal Ratio (SN R −1 ). Figure 301 properties. We have shown that RR is more suitable to define the global state of the 318 brain because of volume conduction. On the other hand, we have demonstrated that 319 DR is able to annihilate the influence of distal sources and is able to probe specific 320 regional activity. Our experimental recordings analysis in the rat show that DR makes 321 possible the study of the interplay between brain areas. Indeed, our coherence analysis 322 shows that CA1 and P F C exhibit a frequency band located between 10 between cortical areas than RR, since RR integrates multiple interfering components.
341
Our study plainly desmontrates the real advantage of DR in the understanding of 342 brain communication and consequently for studying memory and learning processes.
343
Also, we hope to motivate through this work the use of DR to explore cortical 344 communications in future works.
345
Many electrophysiological recording tools are available to explore functional brain 346 connectivity. Historically, the use of RR was justified by two main reasons. The first 347 one is its simplicity because of the low number of wires required to be implanted (that 348 consequently increases brain tissue preservation). The second one is the number of 349 available channels to connect to the acquisition devices to record the signals.
350
Nowadays, RR is still used [7, 20] despite the advent of high density linear 351 electrodes [9, 18, 30] allowing to reconstruct the current-source density topology and 352 location (iCSD) [16, 20] . However, when the experimental protocol is more complex 353 because of the number of cortical sites simultaneoulsy explored in a same animal, RR 354 should be used with caution. As shown in our study, RR and DR modes do not 355 provide the same results and consequently these results cannot be interpreted in a 356 similar way.
357
To our knowledge, no study has compared both recording methods (i.e. RR and 358 DR) in freely moving rats in order to define the best suited configuration to record 359 cortical areas activity and quantify their interactions, as well as to extract the genuine 360 meaning of signals recorded in a specific cortical region during a behavioral 361 task [7, [20] [21] [22] [23] [24] [25] [26] [27] . In this study, we clarify what is possible to assess according to the 362 recording mode. Indeed, as we have shown above, because of volume conduction, RR interesting to identify global state changes and is widely used for this matter.
368
However, some studies have used RR to quantify functional connectivity between 369 cortical areas [7, 20] . Although, coherence and cross-correlation differences have been 370 observed between vigilance states, our results, as well as others, suggest that RR does 371 not measure the true functional connectivity between cortical areas. DR mode has a 372 power spectral magnitude 10 to 100 times smaller than RR (see fig.5 ), while RR presents a more specific value of functional connectivity. To conclude, we believe that 389 this work will help new studies describe systematically and clearly their recording 390 methods. Our study strongly suggests that, works on correlation, coherence or 391 functional connectivity between brain areas should not be performed in RR mode.
392
Finally, we suggest that the most relevant works regarding the interplay between brain 393 areas must be reevaluated if they have been realized using RR. implanting, they were kept in individual cages in a 12/12h (9am-9pm) light/dark cycle 398 with ad libitum access to food and water. One week after surgery, the rats were 399 introduced in their recording chamber and plugged for recording. The recording 400 chamber consisted of a 60x60x60cm faradized box with removable container for the 401 litter, so that the rats could be changed daily at 10 am without being unplugged.
402
While in the recording chambers, the animals were exposed to a white noise of 70dB 403 and were also provided with food and water ad libitum. The temperature of the 404 chambers was regulated at 23 • C. Once the responses were stabilized, and after at least 405 two days of habituation, baseline recordings, which we used for our analysis, took which gives birth to two remote potentials P 1 and P 2 respectivley located at a distance r − δr and r + δr belonging to the same brain area (red ellipse). This potential is measured by two electrodes seperated by a distance 2ε. b) Local source: A local source (blue ellipse) releases a density of current which gives birth to local potentials P 1 and P 2 respectively located at a distance r − δr and r + δr from the source and belonging to the same brain area (red ellipse), where r ∼ 2ε. This potential are measured by two electrodes sperated by a distance 2ε. a) Example of potential measured in P 1 and P 2 versus distance r in normalized units. One notes the strong similitude between P 1 and P 2 when r is large in comparison with the distance shift ε of the two electrodes. Also, we oberve a strong amplitude difference between potential P 1 and P 2 when the current source is close to the electrodes pair (zoom in figure) . b) Recording methods and electrodes location during the experiment. Coherence index between two brain regions (CA1 and P F C) during N REM a) and REM b). Blue lines and red lines respectively correspond to RR and DR. Arrow in b) show the burst of activity during REM sleep. Note that, burst activity was observed for DR in contrast with RR. Fig 7. Time-frequency representation of a simultaneous P F C and CA1 recordings in RR and DR mode during REM sleep, showing an occasional large frequency burst of activity common to the two brain structures located at 20s as well as a persistant oscillation at 7 Hz(θ rythm) which takes birth in CA1. θ oscillation is a fundamental REM sleep signature in CA1. Colorbar is the normalized scale color of the time-frequency plot. We note that, θ rythm is viewable in P F C in RR mode (P F C RR) in contrast to DR mode (P F C DR) showing the volume conduction phenomenon. Occasional burst of activity at 20s is better identified in DR (CA1 DR) mode than RR (CA1 RR) mode. Fig 8. a) Coherence between CA1 and P F C during REM sleep for the two recording modes RR (blue) and DR (red). Triggering source: Thin traces correspond to a trigger according to CA1, while large traces correspond to a trigger according to P F C. b) Imaginary Coherence between CA1 − P F C in RR configuration, showing the decrease of the 7 Hz peak as well as the very low frequency peak, because volume conduction is mainly represented by the real part. The 10 Hz to 15 Hz frequency band stays absent because of the poor signal to noise ratio in RR configuration. Inset: vertical zoom of the coherence index. 
